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g r a p h i c a l a b s t r a c t
Highly efficient and deactivation-resistant photocatalysts for the degradation of volatile organic compounds (VOCs) under visible light illumination were
developed, for the first time, via the direct encapsulation of tiny TiO2 within MOF based on the HSAB principle.
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a b s t r a c t
Poor visible-light-driven activity and deactivation property as well as wide band gap of the most common
TiO2 photocatalyst significantly limits its practical application in volatile organic compounds (VOCs)
purification. In this study, tiny TiO2 nanoparticles incorporated into a typical metal-organic framework
(MOF), NH2-UiO-66, with controllable TiO2 content and size, were synthesized based on the hard-soft
acid-base (HSAB) principle and applied to VOCs purification. Compared to bare TiO2, the TiO2@NH2UiO-66 composites could extend the optical absorption to the visible light range and accelerate the photogenerated electrons-holes separation, due to the excellent interface contact between TiO2 and NH2UiO-66. Moreover, the abundant interconnected 3D cavities of the outer MOF allowed for VOCs to easily
diffuse into the pores, producing a concentration microenvironment around the encapsulated TiO2. The
TiO2@NH2-UiO-66 composites exhibited a markedly improved photocatalytic efficiency and a good resistance to deactivation during the photocatalytic degradation of gaseous styrene under visible light illumination, which were associated with the synergetic effects between the TiO2 and MOF. The TiO2@NH2UiO-66 with 5 wt% TiO2 could efficiently mineralize styrene to CO2 to some extent companying with
the removal ratio >99% within 600 min, whereas the removal efficiency over the bare TiO2 only 32.5%.
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1. Introduction
Volatile organic compounds (VOCs), widely emitted from various
industrial processes, transport vehicles and household products,
etc., are becoming one of the major contributors to air pollution.
They are both involved in the formation of particulate matter (e.g.,
PM2.5), photochemical smog and haze, and elicit biological toxicity
in both humans and various ecosystems [1–3]. Consequently, substantial effort has been made to remove VOCs from polluted air
and various techniques have been explored including adsorption,
catalytic combustion, thermal oxidation, photocatalytic oxidation
and biological treatment [4–9]. Among these treatments, semiconductor photocatalytic oxidation has attracted ever-increasing attention because it has great potential to decompose a broad range of
VOCs into CO2 and H2O under solar or ultraviolet (UV) light illumination at ambient temperature and pressure [9–11].
In this regard, TiO2 has become the most frequently investigated and promising photocatalyst to use in VOCs purification
due to its nontoxicity, inexpensiveness and chemical stability as
well as relatively high efficiency [11–17]. However, the wide band
gap of TiO2 (3.2 eV) makes it show reactivity only to the UV
region, which accounts for only 4% of the total solar energy.
Moreover, the deactivation of TiO2 often occur especially during
prolonged photocatalytic process, which is mainly induced by the
accumulated recalcitrant intermediates on the photocatalyst active
sites due to the incomplete decomposition of VOCs [18–20]. One
feasible solution to resolve this deactivation phenomenon is to
boost the oxidation capacity of the used photocatalyst [20–22].
Hence, various strategies have been developed to implement this
[23–30], and the most common strategy involves the integration
of TiO2 with porous material including activated carbon, carbon
nanotubes, zeolite, mesoporous silica [26–30]. This combination
of materials could not only enhance adsorption capacity of VOCs
but also offer more exposed TiO2 active sites to facilitate the consumption of photogenerated carriers, which usually give rise to
the significantly improved photocatalytic performance as compared with TiO2 alone. Unfortunately, it is still difficult to achieve
satisfactory efficiency in these combined TiO2-porous material
photocatalysts, because the inherent structural characteristics of
these porous materials often make them only serve as a carrier
and weaken light intensities due to their poor transparencies.
Therefore, the exploration of new types of porous materials to
enhance the oxidation capability of TiO2 and obtain an optimized
visible-light-responsive photocatalyst is imperative.
Metal-organic frameworks (MOFs), an emerging type of porous
hybrid materials with many unique properties assembling metal
ions with organic ligands, might open a new window to achieve
optimized capability in the VOCs purification via integrating with
TiO2 [31–33]. Along with the large specific surface areas and high
volumes, MOFs possess many interconnected 3D open cavities that
permit light to easily penetrate to ensure light-harvesting efficiency and improve the accessibility of the active sites for reactants
[34]. Accordingly, a few studies have focused on the potential
application of MOFs as functional materials to use in conjunction
with metals or metal oxides, in several liquid phase photocatalytic
systems, including photocatalytic water splitting, hydrogen evolution, CO2 reduction and dye degradation [35–41]. Importantly, previous studies have revealed that the appropriate organic ligands of
MOFs could act as light harvesting centers and subsequently activate the metal cluster nodes upon the photoexcitation, thus making MOFs behave as inorganic semiconductors. However, the
application of these MOFs in the photocatalytic degradation of gaseous VOCs is still extremely limited.
On the other hand, the encapsulation of metal or metal oxide
nanoparticles into MOFs has been demonstrated to be a beneficial
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approach for catalysis as the MOF nanopores can simultaneously
improve the dispersion of nanoparticles and produce a different
microenvironment around the nanoparticles compared to their
naked analogues [42–47]. Considering the semiconductor behavior
and structural features of MOFs, we proposed the possibility of
encapsulation of tiny TiO2 into MOFs with visible light response
to form a highly efficient and stable solar-driven photocatalyst
for the degradation of VOCs. This design could not only maximize
the exposure of TiO2 active sites to reactants, but could also immediately degrade the captured substrates within highly porous
MOFs because the enriched VOCs, light-harvesting centers, and
photocatalytic active sites would all be located in the same confined space.
To implement this concept, NH2-UiO-66, a representative
visible-light responsive MOF with a large surface area and excellent physicochemical stability, was chosen to encapsulate tiny
TiO2 and used in the photocatalytic degradation of gaseous VOCs
under visible light illumination. To create a perfect interface contact, the TiO2@NH2-UiO-66 was prepared by self-assembly of MOFs
around the Zr4+ pre-coordinated TiO2 based on the hard-soft acidbase (HSAB) principle. Interestingly, the synthesized TiO2@NH2UiO-66 nanocomposites showed remarkably enhanced photocatalytic degradation activity and good mineralization capacity, compared to both pure TiO2 and NH2-UiO-66 in a solar-driven
photocatalytic oxidation of gaseous styrene. Moreover, the TiO2@NH2-UiO-66 nanocomposites also displayed outstanding resistance
to deactivation, even when the illumination time was prolonged to
600 min in a continuous reaction system, and its relative mechanism was also attempted.
2. Experimental section
2.1. Materials synthesis
All experimental materials and chemical reagents were purchased from commercial sources and used without further treatments unless otherwise specified. Titanium tetrachloride (A.R.),
2-Aminoterephthalic acid (98%), ZrCl4 (98%) were obtained from
J&K Scientific Ltd. Toluene (A.R.), tert-butyl alcohol (A.R.), nheptane (A.R.), N,N-dimethylformamide (A.R.), acetic acid (A.R.),
methanol (A.R.), ethanol (A.R.), styrene (A.R.) were purchased from
Chemical Reagent Co., Ltd.
2.1.1. Synthesis of TiO2 nanoparticles
TiO2 nanoparticles were prepared via the microwave-assisted
method following previously reported procedures with slight modifications [48]. Typically, 13.7 mmol of titanium tetrachloride was
dissolved into 10 mL of toluene. The solution was then added into
30 mL of tert-butyl alcohol under vigorous stirring. The mixture
was first heated to 80 °C within 1 min in a microwave reactor
and then cooled to room temperature. Subsequently, the mixture
was heated to 50 °C and kept for 20 min. To achieve excellent crystalline TiO2 structures, the microwave heating procedures were
repeated once. Then, 40 mL of n-heptane was added to flocculate
TiO2. The suspension was then centrifuged and washed thoroughly
with n-heptane. Finally, the obtained solid was dried at 150 °C
overnight to remove guest molecules.
2.1.2. Synthesis of NH2-UiO-66
Typically, 100 mg of 2-Aminoterephthalic acid (NH2-BDC),
133.6 mg of ZrCl4 and 4 mL of acetic acid were dissolved in 40
mL of N,N-dimethylformamide (DMF) in a 100 mL cell [49]. Then
the cell was capped tightly, the mixture was subjected to ultrasonication (180 W) for 2 h, and then heated at 120 °C for 24 h
under vigorous stirring. After being cooled to room temperature,
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the resulting yellow powder was collected by centrifugation, and
washed with DMF and methanol. Finally, the sample was activated
under vacuum at 150 °C overnight.
2.1.3. Synthesis of TiO2@NH2-UiO-66 composites
The TiO2@NH2-UiO-66 composites were prepared by selfassembly of MOFs around the Zr4+ pre-coordinated TiO2 based on
the hard-soft acid-base (HSAB) principle [44,50,51]. Typically,
133.6 mg ZrCl4 and the required amount of TiO2 nanoparticles
were dispersed into 40 mL of DMF under ultrasonication (180 W)
for 2 h. Then, 100 mg of NH2-BDC and 4 mL of acetic acid were
added. The resulting mixture was heated at 120 °C for 24 h under
vigorous stirring. After being cooled down to room temperature,
the yellow precipitates were isolated by centrifugation, washed
thoroughly with DMF and methanol. Finally, the obtained sample
was dried under vacuum at 150 °C overnight.

centration of 30 ± 1 ppmv balanced by air at a stable flow velocity
of 35 mL min 1. When the gas-solid adsorption equilibrium was
established, the lamp was turned on starting the photocatalytic
reaction. The concentrations of styrene and CO2 in the effluent
gas were monitored using an online gas chromatograph equipped
with two flame ionization detectors (FID), respectively. To determine the baseline photocatalytic rate, a photocatalytic oxidation
test was also carried out in the absence of a photocatalyst for
600 min under the reaction conditions as described above.
The direct photocatalytic experiments with TiO2@NH2-UiO-66
composites were carried out under the same reaction conditions
as mentioned above, except without consider absorption equilibrium of styrene onto photocatalyst. The lamp was switched on
and the photocatalytic experiments were started when 30 ± 1 pp
mv of gaseous styrene was introduced into the reactor.

2.2. Characterization

3. Results and discussion

Powder X-ray diffraction (XRD) patterns were carried out on a
D/MAX-Ultima IV using Cu Ka radiation with 6° min 1 scan rate.
The specific surface area and structural parameters of the samples
were determined with a Micromeritics ASAP2020M by the lowtemperature N2 adsorption-desorption method after the samples
were evacuated at 130 °C for 12 h. Fourier transform-infrared spectra (FTIR) were measured at room temperature using a Thermo
Fisher Nicolet 6700 with a wavelength range of 400–4000 cm 1.
The morphologies and sizes of samples were observed by using a
transmission electron microscope (JEM-2010HR, Japan) with EDX
analysis (Oxford INCA EDS) operating at 200 kV. Prior to analysis,
samples were dispersed in ethanol and directly deposited on a copper grid. The UV–vis diffuse reflectance spectra were recorded on
an Agilent Carry 300 in a range of 250–800 nm with BaSO4 as a reference. The Photoluminescence (PL) spectra were conducted using
a Hitachi F-4500 fluorescence spectrophotometer at room
temperature.

3.1. Characterization of photocatalysts

2.3. Photoelectrochemical measurements
Photoelectrochemical performance was obtained by using a CHI
600E electrochemical station (Chenhua Instrument, China) in combination with a conventional three-electrode system immersed in
a 0.5 M Na2SO4 electrolyte. The three-electrode system contained
a working electrode of the photocatalyst-coated FTO, a counter
electrode with Pt foil and an Ag/AgCl reference electrode. The visible light source was supplied by a 300 W Xe lamp with a cutoff filter (>420 nm). To prepare the working electrodes, 10 mg of
photocatalyst was dispersed into 0.5 mL ethanol under sonication.
Then, the homogeneous slurry was dropped onto the surface of a
FTO glass substrate. Subsequently, the working electrodes were
slowly dried out at room temperature, and further annealed in a
stream of N2 at 200 °C for 1 h to remove the organic residuals.
The photocurrent signals of the samples were recorded under
chopped light at 0.6 V. The electrochemical impedance spectroscopy (EIS) was performed in frequency range from 1 to 105
Hz with a bias potential of 1.5 V.
2.4. Photocatalytic oxidation tests
In general, photocatalytic activity tests with TiO2@NH2-UiO-66
composites were performed on a custom-made cubic quartz glass
reactor equipped with a 300 W xenon lamp as visible light source
under the continuous gas flow mode. The distance between the
lamp and reactor was 15 cm. Typically, 0.10 g of the photocatalyst
was loaded into the reactor. Gaseous styrene was subsequently
introduced into the reactor in the dark with a constant inlet con-

Initially, TiO2 nanoparticles with a uniform size of ca. 3 nm were
synthesized according to a published procedure [48]. Given the
HSAB principle, the abundant oxygen vacancies on the surface of
tiny TiO2 might show a preferential coordination with the hard
oxophilic Zr4+ cations, which would offer a ‘‘bridge” between the
TiO2 and MOF precursors to induce anisotropic growth of MOFs
around the TiO2. Thus, the resultant TiO2 was first mixed with
Zr4+ in DMF under ultrasound to form Zr4+ coordinated TiO2
(Scheme 1). Subsequently, NH2-BDC was added into the above
mixture to produce the TiO2@NH2-UiO-66 composites under a high
temperature. By varying the additive amount of TiO2, TiO2@NH2UiO-66 composites with TiO2 contents in range of 5–15 wt% were
achieved facilely. As shown in Fig. 1, the characteristic XRD peaks
of the TiO2@NH2-UiO-66 all matched well with the pure NH2UiO-66, suggesting that there was no apparent impact on the
structural integrity of MOF during the incorporation of TiO2. For
the tiny TiO2 power, the diffraction peaks at 2h = 25.28°, 37.8°,
48.05°, 53.89°, 62.69° corresponded to the (1 0 1), (0 0 4), (2 0 0),
(1 0 5), (2 0 4) crystal facets of the anatase TiO2 (JCPDS 21-1272),
respectively. Nevertheless, no identifiable characteristic peaks
associated with the TiO2 were detected, which could presumably
be relevant to their small particle size. Furthermore, TEM was performed to visually observe the morphology and distribution of the
TiO2@NH2-UiO-66 materials (Fig. 2). The pure TiO2 was uniformly
distributed in the MOF and had a mean particle size of 3 nm. It was
interesting to note that only a small proportion of TiO2 nanoparticles were observed despite the 5 wt% TiO2 content (Fig. 2c). Moreover, hardly any TiO2 bulged out at the MOF edges. These
experimental results indicated that most of the TiO2 should be successfully encapsulated inside the NH2-UiO-66 without distinct
aggregation and growth during the synthesis process.
To gain a better insight into the interaction between TiO2 and
NH2-UiO-66, the samples were further measured by using Fourier
transform-infrared spectroscopy (FT-IR). As displayed in the FT-IR
spectra of the pristine TiO2 (Fig. 3a and 3b), two broad peaks were
observed at the range of 460–890 cm 1, attributed to the O–Ti–O
stretching vibration. Two strong absorption bands observed at
1621 and 3418 cm 1 could be assigned to hydroxyl stretching
vibrations resulting from Ti–OH bonding and water molecules
physiosorbed onto the TiO2 surface, respectively [52]. For the
NH2-UiO-66, the strong peaks observed at 1386 and 1432 cm 1
likely were produced from the symmetric stretching vibration of
the dicarboxylate COO groups. Furthermore, a band at 1571
cm 1 correlated with the COO asymmetric stretching vibration.
In addition, the low frequency bands at 484 and 665 cm 1
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Scheme 1. Illustration of in situ one-pot synthesis of TiO2@NH2-UiO-66 composites. Color coding: green, Zr; gray, C; red, O; blue, N; orange, TiO2; H atoms are omitted for
clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 1. XRD patterns of pure TiO2, NH2-UiO-66 and TiO2@NH2-UiO-66 composites
with TiO2 loading of 5, 10 and 15 wt%, respectively.

Fig. 2. TEM images of TiO2 (a), NH2-UiO-66 (b), and TiO2@NH2-UiO-66 (c, d)
composites with TiO2 loading of 5 wt%.

belonged to the asymmetric stretching vibration of O–Zr–O bonds,
while the symmetric stretching vibration of O–Zr–O bonds was
visualized at 771 cm 1. With the introduction of TiO2, a new characteristic band at 806 cm 1 was apparently observed, and its intensity was gradually enhanced as the amount of TiO2 was increased,

suggesting the formation of Ti–O–Zr groups [53,54]. Meanwhile,
the mas(O–Zr–O) at 484 and 665 cm 1 within TiO2@ NH2-UiO-66
composites became weaker and broader compared to the pure
NH2-UiO-66. Moreover, the intensities and symmetries of the
COO stretching vibrations also changed. These observations indicated that the hard oxophilic Zr4+ cations of the MOF successfully
coordinated with the soft oxygen groups on the surface of the
TiO2 nanoparticles, forming excellent interfacial contact between
TiO2 and MOF.
The specific surface area and pore characteristics of the synthesized samples were also evaluated by N2 adsorption-desorption
measurement at 77 K (Fig. 3c and d). The isotherms of NH2-UiO66 and TiO2@NH2-UiO-66 displayed a typical type I curve with
sharp increased uptakes at low pressure regions, indicating the
presence of microporous structure in these synthesized materials.
Moreover, the pore size of TiO2@NH2-UiO-66 was consistent with
that of the parent NH2-UiO-66 (6.6 Å). Compared to pure NH2UiO-66, the specific surface area and pore volume of TiO2@NH2UiO-66 was slightly reduced as TiO2 concentration was increased,
which might be related to the mass contributions of the minimally
porous TiO2.
The lifetime of photoexcited electron-hole pairs which usually
involves the light absorption, separation of electron-hole pairs
and electron transfer process is a key factor to determine the activity of photocatalytic oxidation. Firstly, pristine TiO2, NH2-UiO-66
and the TiO2@NH2-UiO-66 composites were analyzed using UV–
visible diffuse reflectance spectra to investigate these optical
absorption properties. As shown in Fig. 4a, pristine TiO2 had an
absorption peak at ca. 300 nm, and NH2-UiO-66 displayed a strong
adsorption peak at around 355 nm with an absorption edge of 450
nm induced both by a charge transfer from O to Zr in the Zr6O4(OH)4 clusters and the influence of the NH2-BDC linker. Moreover,
the TiO2@NH2-UiO-66 with different TiO2 loading well inherited
the feature and displayed a similar band gap with parent NH2UiO-66 (2.82 eV). Remarkably, an enhanced light absorption intensity was clearly observed in TiO2@NH2-UiO-66 as the amount of
TiO2 increased, which is most likely due to the excellent interfacial
contact between the NH2-UiO-66 and TiO2 nanoparticles [55–57].
To further unveil the charge-separation efficiencies, photocurrent responses were initially measured through on-off cycles under
visible light irradiation. For bare TiO2, hardly any photocurrent signal was expected after turning on the light (Fig. 4b). When the TiO2
was embedded into NH2-UiO-66, the photocurrent response was
obviously improved compared to both pure TiO2 and NH2-UiO66. Strikingly, the anodic spikes in the transient photocurrent
curves of all the TiO2@NH2-UiO-66 samples were obvious compared to the parent NH2-UiO-66. In addition, the slope of the spike
became steeper as the amount of TiO2 in the TiO2@NH2-UiO-66
composites was increased, revealing that the separation of photoexcited charge carriers within these composites could be effectively promoted with addition of TiO2 [58]. To further confirm
these results, EIS was employed and the Nyquist plots of pure
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Fig. 3. FT-IR spectra of NH2-UiO-66 (A), 5% TiO2@NH2-UiO-66 (B), 10% TiO2@NH2-UiO-66 (C), 15% TiO2@NH2-UiO-66 (D), pure TiO2 (E) in the range of 4000–400 cm
900–400 cm 1 (b), N2 adsorption-desorption isotherms (c) and pore-size distribution curves (d) of NH2-UiO-66 and TiO2@NH2-UiO-66 samples.
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Fig. 4. UV–vis diffuse reflectance spectra (a), photocurrent responses (b), EIS Nyquist plots (c), and PL emission spectra (d) of pure TiO2, NH2-UiO-66 and TiO2@NH2-UiO-66
samples. Inset pictures in Figure (a) are the related Tauc’s plot of the band-gap.

TiO2, NH2-UiO-66 and TiO2@NH2-UiO-66 samples were displayed
in Fig. 4c. Only one semicircle or arc appeared in each Nyquist
plots, indicating that the photocatalytic process might be a simple

electrode reaction and the recombination rate of photogenerated
charge carriers would determine the electron transfer rate [59].
The equivalent electrical circuit and the fitted electrical parameters
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were displayed in Fig. S1 and Table S1, respectively. The results
indicated that the semicircles of pure TiO2 and NH2-UiO-66 possess
large diameters and the high charge transfer resistance (Rct) of
67.37 and 14.68 kX, respectively. When the TiO2 nanoparticles
were introduced into NH2-UiO-66, diameters of their semicircles
were substantially shortened. The Rct values of TiO2@NH2-UiO-66
with Pt loadings of 5, 10 and 15 wt% were decreased to 0.325,
1.139 and 0.609 Kx, respectively. These results further confirm
that the encapsulation of TiO2 within NH2-UiO-66 can dramatically
enhance the separation of photogenerated electron-hole pairs. To
further validate the charge transfer process, the photoluminescence (PL) emission spectra of the samples were measured at room
temperature (Fig. 4d). It was noticed that the NH2-UiO-66 displayed a powerful fluorescence emission peak at about 455 nm,
but PL intensities were substantially suppressed as TiO2 was introduced, demonstrating a favorable charge transfer between NH2UiO-66 and TiO2 and thus leading to the fluorescence weakening.
3.2. Photocatalyst performance evaluation
Encouraged by the characterization results, the superiority benefit of NH2-UiO-66 encapsulated TiO2 composites was employed to
investigate the photocatalytic oxidation of styrene. Photocatalytic
reactions were conducted in a continuous flow of styrene balanced
by dry air under visible light irradiation. Prior to light irradiation,
the adsorption equilibrium tests were first performed in the dark
(Fig. 5). For the pure TiO2, the outlet concentration of styrene
reached its lowest point within the first 16 min, then complete
breakthrough rapidly occurred. When TiO2@NH2-UiO-66 samples
were used, styrene in the outlet gas only began to appear after
approximately 2000 min of adsorption, indicating the excellent
adsorption capability of these composites toward styrene. Moreover, the complete breakthrough times of the TiO2@NH2-UiO-66
samples with 5, 10 and 15 wt% TiO2 were extended to 3210,
4320 and 3630 min, respectively. For comparison, pure NH2-UiO66 was also assessed under the same conditions. As expected, a
slightly longer breakthrough time of 5310 min was observed,
which is in accordance with their N2 physisorption results.
Following absorption equilibrium, the lamp was turned on to
start the photocatalytic reaction. One crucial issue with TiO2based photcatalysts is their stability, because photocatalyst deactivation often occurs during the process of reaction, especially in
continuous flow mode. Therefore, the photocatalytic tests were
conducted on a lasting 10 h illumination first. To determine the
baseline rate, the photocatalytic oxidation of styrene was initially
performed without photocatalyst for 600 min. Result showed that
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Fig. 5. Adsorption kinetic curves of styrene by TiO2 (r), NH2-UiO-66 (j) and
TiO2@NH2-UiO-66 composites with TiO2 loading of 5 (d), 10 (N) and15 wt% (.),
respectively.
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essentially no degradation occurred (Fig. S2), implying that direct
photolysis was negligible under the investigated conditions. Comparatively, the degradation efficiency of styrene reached 45%
within 90 min in the presence of tiny TiO2 (Fig. 6). However, the
TiO2 suffered from rapid deactivation and the color of catalyst
gradually changed from white to pale yellow, indicating there
was an accumulation of recalcitrant intermediates on the TiO2 surfaces due to incomplete degradation, thereby causing a blockage of
photocatalytic active sites [18–20]. When the pure NH2-UiO-66
was employed, the photocatalytic degradation curve appeared a
roll-up phenomenon, where the styrene concentration in the outlet
instantly exceeded the inlet concentration, then gradually
decreased to the inlet concentration. This phenomenon might be
attributed to the high equilibrium adsorption amount of NH2UiO-66 to styrene. When the lamp was switched on, the styrene
were rapidly desorbed and released from the surface of MOF before
they could be completely degraded. Moreover, the corresponding
evolution curve of formed CO2 was correlated with the degradation
curve, which was also firstly decreased and then tend to be stable.
After the introduction of TiO2 into NH2-UiO-66, similar evolution
curves were observed for styrene and CO2 in effluent gases regardless of TiO2 contents. In contrast, all the TiO2@NH2-UiO-66 composites exhibited significantly higher degradation and
mineralization efficiency than the pristine NH2-UiO-66 and TiO2
alone. The TiO2@NH2-UiO-66 with 5 wt% TiO2 displayed an optimal
photocatalytic performance and the concentration of generated
CO2 reached 32 ppmv within 600 min.
To approximately simulate application of photocatalytic process in industrial settings, direct photocatalytic degradation experiments were performed under the same reaction conditions
without considering the adsorption-desorption equilibrium of
styrene on the photocatalyst. As depicted in Fig. 7, the degradation
efficiency and produced CO2 amount over the TiO2, NH2-UiO-66
and the TiO2@NH2-UiO-66 composites followed the same order
in Fig. 6. Clear, both NH2-UiO-66 and the TiO2@NH2-UiO-66 composites with various TiO2 contents displayed similar removal efficiencies, however, the amounts of produced CO2 were distinctly
different. Considering that these materials have an excellent
adsorptive capability for styrene, the approximate removal efficiency might involve both processes of the photocatalytic degradation and the instant adsorption to styrene. Specially, the amount of
produced CO2 in direct photocatalytic degradation experiments
was apparently higher than in the photocatalytic degradation
experiments after a dark absorption process (Fig. 6b and 7b). It is
well known that a high VOCs adsorption capacity in a photocatalyst would facilitate the photocatalytic oxidation. However, in this
case it might also reduce the contact surface of TiO2 under light
irradiation, leading to a lowered photocatalytic oxidation activity
in the photocatalytic experiments with dark absorption.
For all the TiO2@NH2-UiO-66 composites, the removal efficiencies of styrene reached 90% within 80 min and eventually attained
almost complete removal. Results of the styrene photocatalytic
oxidation indicated that TiO2@NH2-UiO-66 composites with a 5%
TiO2 loading exhibited an optimized performance. After 600 min
of illumination, the amount of generated CO2 remained at 83.0
ppmv, which was accompanied by degradation efficiency of >99%
and a mineralization efficiency of 34.6% for styrene by using optimized TiO2@NH2-UiO-66 with 5% TiO2 loading. Most remarkably,
no appreciable deactivation was observed when using TiO2@NH2UiO-66 composites in light of the styrene degradation and generated CO2 amounts even though the illumination time was prolonged to 600 min. Comparatively, for the bare TiO2, a maximum
of 89.9% degradation efficiency was observed within 110 min and
then rapidly declined to 32.5%. Meanwhile, the amount of generated CO2 decreased to 34.1 ppmv. These results indicated that
the integration of MOF and TiO2 can synergistically improve both
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Fig. 6. Evolution of styrene (a) and formed CO2 (b) during the photocatalytic oxidation reaction by TiO2, NH2-UiO-66 and TiO2@NH2-UiO-66 composites.
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Fig. 7. Evolution of styrene (a) and formed CO2 (b) during the direct photocatalytic oxidation reaction by TiO2, NH2-UiO-66 and TiO2@NH2-UiO-66 composites.

activity and durability of TiO2 in the photocatalytic removal of
VOCs.
3.3. Mechanisms for photocatalytic degradation of styrene
Inspired by the above attractive photocatalytic performance, we
attempted to elucidate possible mechanisms based on our experimental results and previously published literature (Scheme 2). It is
speculated that the unique structural characteristics of the TiO2@NH2-UiO-66 composites are responsible for their superior activity
and resistance to deactivation. First, the abundant interconnected
nanoporosity accessible through open pore of MOF offers numerous opportunities for fast diffusion and capture of guest molecules.

In turn, the capture and enrichment of styrene as well as degradation intermediates within the cavities will result in an improved
local concentration effect around the encapsulated TiO2, which is
beneficial to prolong their stay time on the photocatalytic active
sites, enhancing oxidation. Second, the amino group in the MOF
organic linkers could serve as antenna to enhance light absorption
and sensitize photocatalytic active sites [37,60]. Subsequently, the
photogenerated electrons could quickly transfer due to the intimate interfacial contact between TiO2 and MOF (Figs. 3 and 4),
and the photogenerated holes will accumulate on the surface of
photocatalytic active sites. This hypothesis is supported by the
results of PL analysis and photoelectrochemical measurements.
Moreover, due to the tiny TiO2 nanoparticles isolated by the MOF
scaffold, the exposed surface of TiO2 sites in the TiO2@NH2-UiO66 composites can be significantly higher than that of the bare
TiO2. Finally, the encapsulated structure of TiO2@NH2-UiO-66
guarantees ready accessibility of the styrene and generated intermediates to the photogenerated holes because the enriched VOCs
and light-harvesting centers as well as photocatalytic active sites
are all located in the same confined space. Plenty of these accumulated holes could immediately degrade captured substrates without leaving carbonaceous species on the photocatalyst surface,
thus maximizing the photocatalytic activity and retarding catalyst
deactivation.
4. Conclusions

Scheme 2. Possible reaction mechanism for the photocatalytic oxidation of styrene
over TiO2@NH2-UiO-66.

In summary, the photocatalytic degradation of styrene under
visible light illumination has been demonstrated, for the first time,
over TiO2@MOF nanocomposites that were synthesized via the
direct encapsulation of tiny TiO2 within NH2-UiO-66 based on
the HSAB principle. The highly porous MOF can concentrate
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reactants around the encapsulated TiO2, thus prolonging their stay
time on the photocatalytic active sites and enhancing oxidation.
Moreover, as evidenced by FTIR, photoelectrochemical measurements and PL emission spectroscopy, this approach could offers
excellent contact interface between TiO2 and NH2-UiO-66, facilitating the separation of photogenerated electron-hole pairs, thereby
significantly improving degradation efficiency compared to the
pure TiO2 and NH2-UiO-66. Importantly, the TiO2@NH2-UiO-66
photocatalysts exhibit highly stability, without appreciable loss
in photoactivity within 600 min. This work will open a new avenue
for the development of highly efficient photocatalysts by integrating photoactive material with MOF for degradation of various
environmental pollutants utilizing visible light.
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